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a b s t r a c t
A novel electrochemical displacement sensor has been reported for the ﬁrst time standing on the oxidation behavior of the modiﬁer and displacer. The electrochemical displacement sensor based on glassy
carbon electrode (GC) modiﬁed with natural latex-capped silver nanoparticles (NL-AgNPs) has been conducted for the Eriochrome Black T (EBT) assessment. NL-AgNPs have been synthesized by direct chemical reduction under different reaction conditions such as NL and AgNO3 concentration, temperature
and pH for optimizing the size, and stability of nanoparticles before modifying the GC electrode. Under the optimized conditions, NL-AgNPs have been characterized with UV–VIS spectroscopy, ﬂuorescence
emission spectroscopy (FL), transmission electron microscope (TEM), zeta potential analyzer and cyclic
voltammetry (CV). Under optimized electrolytic and voltammetric conditions, EBT has been detected at
NL-AgNPs/GC based on modiﬁer (NL-AgNPs) and displacer (EBT) oxidation. Both displacer and modiﬁerbased sensor (two-way sensor) have shown a linear range of 2–96 μg/L and detection limits of 2.92 and
7.01 μg/L, respectively. A high selectivity for EBT detection in river water with 110 and 107.5 recovery
values has been shown for both modiﬁer- and displacer-based sensor, respectively.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Colorants including dyes and pigments have been utilized extensively in this day and age in industries such as textile, leathers,
paper, paints and plastics. Dyes are soluble colored organic compounds that could be classiﬁed according to their application
methods as reactive basic, acids, vat, direct and reactive [1]. According to their chemical structure, they have been classiﬁed into
azo, anthraquinone, phthalocyanine, indigo, nitro nitroso and sulfur dyes [2]. Azo dyes have been regarded as the most signiﬁcant dyes applied in pharmaceuticals, textiles and food industries
representing more than half of the world annual production compared to other types of dyes [3,4]. The ability of azo dyes to impart color into the materials is attributed to the presence of azo
group as a chromophore in their chemical structures [5]. Approximately, 30 0,0 0 0 tons of dyes have been released to the environment imposing highly colored wastewater challenges [6]. The contamination of natural water with these dyes has resulted in various
hazardous effects on living organisms. The dye color prevents the
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light penetration through the water body, which reduces the photosynthesis processes rate and the dissolved oxygen level which
hardly affects the aquatic organisms [7]. The azo bond cleavage
may result in releasing numerous harmful products such as aromatic amines [8]. Previously, toxicity, mutagenicity and carcinogenicity have been reported for such dyes [6]. The high solubility of dye in aqueous systems make its detection and removal using traditional methods a burdensome procedure [7]. Consequently,
there is a pressing need to develop detection and treatment protocols to ensure the sustainability of water and its safety for consumers.
Chromatographic techniques such as gas chromatography/mass
spectrometry, high performance liquid chromatography, as well as,
optical and electrochemical techniques were used for the azo dyes
determination [8–12]. However chromatographic techniques have
shown low detection limits compared to other techniques. They
require many highly sophisticated tools, usage of organic solvents,
and onerous sample preparations [12]. Electrochemical techniques
have been regarded as a suitable replacement for the current traditional techniques due to their simplicity, high selectivity, optimized
sensitivity and high eﬃciency [13–15]. Recently, the application of
the voltammetric techniques on the identiﬁcation and characterization of azo dyes has drawn a great attention due to the peculiar
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electron transfer mediator characteristic of the dye structure itself
[13,16]. Currently, the metallic nanoparticles and their composites
represent an excellent electrochemical probe for azo dyes determination [17,18].
Recently, silver nanoparticles (AgNPs) have gained a great attention due to their distinguishing physical and chemical properties [19–21]. Their potential roles in diverse biomedical and environmental applications have been reported [22,23]. Various techniques such as photochemical, electrochemical and direct chemical
reduction have been used in the fabrication of AgNPs [24]. The direct chemical reduction using natural resources has represented an
elegant technique for the AgNPs synthesis returning to their simplicity, eﬃciency and eco-friendliness [25]. The effect of metallic
nanoparticles on the degradation of organic compounds through
redox potential and catalysis have been studied [26]. Reportedly,
AgNPs have been used as a brilliant catalyst for the degradation of
azo dyes such as methyl orange and congo red [22,27].
Eriochrome Black T (EBT) is one of the most signiﬁcant azo
dyes that has been used extensively in industrial applications such
as textile, printing, cosmetics and printing [11]. Additionally, it is
used in analytical chemistry for sensing metal ions such as calcium and magnesium in water systems [28]. The carcinogenic effect of EBT and its degradation products make its determination in
water a vital mission to ensure the sustainability of water safety.
However, few studies reported the determination of EBT in environmental systems [11]. In the present study, we report a novel
electrochemical displacement method for EBT assessment in natural water based on a glassy carbon electrode (GC) modiﬁed with
AgNPs that were fabricated by Ficus sycomorus Latex (NL).

2.3. Collection of Ficus sycomorous latex
Ficus sycomorous fruits have been sourced from Al-Shohdaa city,
Menouﬁa governorate, Egypt. It has been identiﬁed by the Botany
Department, Faculty of Science, Menouﬁa University, Egypt. The
white milky latex has been obtained through cutting the fruit ends
carefully then storing it in sterile glass containers at 4 °C for further studies.
2.4. Natural latex- Capped Silver nanoparticles synthesis
Different concentrations of NL (1, 5, 10, 25, 50, 75 and 100%)
have been obtained by dissolving NL in double distilled water with
a gentle stirring. Next, 10 mL of this solution was added to 90 mL
of different concentrations of AgNO3 (0.1, 0.5, 1, 1.5, 2, 2.5 and
3 mM). Each mixture has been heated at various temperatures (40,
45, 50, 55, 60, 65 and 70 °C). Also, the effect of pH on AgNPs synthesis has been studied. Sodium hydroxide and hydrochloric acid
have been used to adjust the pH.
2.5. Glassy carbon electrode modiﬁcation with NL-AgNPs

2. Experimental

Firstly, GC electrode polishing has been carried out via alumina slurry mounted on micro cloth pads until obtaining a mirror
shiny surface then followed up by electrolysis by applying 0.6 V for
30 min in a phosphate buffer solution. Modiﬁcation of the GC electrode with NL-AgNPs has been accomplished using transfer sticking technique [25]. GC bare electrode has been immersed in NLAgNPs stock solution that has been obtained under optimized conditions for the duration of 40 min, then immediately it has been
transferred to the buffer solution for electrochemical studies.

2.1. Chemicals

2.6. Square wave voltammetry of EBT at Nl-AgNPs/GC composite

Silver Nitrate (Cambrian chemicals, 99.8% purity), Eriochrome
Black T (PanreacAppliChem), Muroxide (Sigma-Aldrich), Methyl
Orange (PanreacAppliChem), Phenolphthalein (Sigma-Aldrich),
Sodium hydroxide (Sigma-Aldrich) and Hydrochloric acid (Scharlau) have been used as received. Phosphate Buffer Solution (PBS)
has been prepared in the laboratory using Sodium Hydrogen
Phosphate (Na2 HPO4 .H2 O, Sigma-Aldrich), Sodium Dihydrogen
Phosphate (NaH2 PO4 .7H2 O, Sigma-Aldrich). The Britton–Robinson
Buffer has been prepared from Boric Acid (Sigma-Aldrich), Phosphoric Acid (Sigma-Aldrich), Acetic Acid (Sigma-Aldrich) and
Sodium Hydroxide. Additionally, Acetate Buffer Solution has been
prepared using Acetic Acid and Sodium Acetate (CH3 COONa.3H2 O,
Sigma-Aldrich).

The electrochemical behavior of EBT and NL-AgNPs were studied using Square wave voltammetry (SWV) on the potential range
−0.8 V to 0.8 V. Scan rate, electrolytic buffer and pH inﬂuences
on both EBT and NL-AgNPs current signals have been examined.
In addition, the sticking time effect on NL-AgNPs signal was studied extensively. Under optimized conditions, NL-AgNPs/GC sensor
has been used for the EBT determination based on electrochemical
displacement method. EBT and NL-AgNPs current signal peaks values were calculated from the straight lines connecting the minima
before and after the maxima of each peak. All obtained data was
analysed by Linear Least-square Regression in OriginPro 8.0 (Origin
Lab Corporation, USA). The limit of detection (LOD) and limit of
quantiﬁcation (LOQ) of the calibration curves were calculated according to Eqs. (1) and (2). Furthermore, all measurements were
tested six times to ensure accuracy and quality of gained data.

2.2. Instruments
The average size of natural latex (NL)-AgNPs formed under
different conditions has been measured using Particle Size Analyzer (Brookhaven, Holtsville, NY, USA). The size and morphology of NL-AgNPs have been studied using Transmission electron
microscope (TEM) [JEM-2100 (JEOL), Japan]. In addition, stability of NL-AgNPs has been determined using Zeta Potential Analyzer (Brookhaven, Holtsville, NY, USA). Optical features of NLAgNPs have been elaborated using both UV–VIS spectrophotometer (UV-2450, Shimadzu, Japan) and spectroﬂuorophotometer (RF5301 PC, Shimadzu, Japan). All electrochemical measurements have
been performed using BAS Epsilon-EC (West Lafayette, IN 47,906,
USA) based on three-electrode setup, where glassy carbon electrode (GC) (3 mm diameter), platinum wire and silver/silver chloride electrode act as working, counter and reference electrodes, respectively.

LOD = 3s/b

(1)

LOQ = 10s/b

(2)

Where (s) is the standard deviation of y-intercept and (b) is the
slope of the calibration curve [29]. The slope of the calibration
curve represents the sensitivity of the sensor.
2.7. Interferences study
The selectivity and sensitivity of our novel sensor have been
evaluated by studying the effect of various inorganic interference
such as Na+ , K+ , Ca2+ , Mg2+ and Cu2+ , as well as, diverse organic
interference such as methyl orange, muroxide and phenolphthalein
dyes.
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resulted in the synthesis of AgNPs with the smallest particle size
that has made it the best pH condition.
3.2. Characterization of NL-AgNPs

Fig. 1. Synthesis of AgNPs from natural latex.

2.8. Real water samples analysis
The applicability of our novel sensor for the determination of
EBT in natural water samples was studied extensively. Water samples were collected from the raw water of Al-Shohdaa surface water treatment plant, Al-Shohdaa city, Menouﬁa governorate, Egypt.
Thereafter, 5 mL of ﬁltrated raw water was diluted to 10 mL using a phosphate buffer solution, then spiked with 40 μg/L EBT. The
current peak signal of spiked EBT was determined using SWV technique. Recovery percent values have been calculated by dividing
the gained concentration over the added one, then multiplied by
hundred. Additionally, a standard addition technique has been employed to examine the selectivity of the sensor under investigation.
3. Results and discussion
3.1. Synthesis of NL-AgNPs
AgNPs were fabricated effectively by the direct chemical reduction of Ag+ using NL extracted from F. sycomorus [24]. To the best
of our knowledge, there is only one study about AgNPs synthesis using F. sycomorus [30]. The capacity of NL for the formation
of metallic nanoparticles complex, chelate, has returned to its high
phenolic and ﬂavonoids contents [31]. AgNPs synthesis has been
indicated visually (Fig. 1) through color change from the NL white
color to the AgNPs brown color [32]. NL-AgNPs have been synthesized via several reaction conditions to optimize the formation
conditions for the formations of metallic nanoparticle with the adequate size and stability for the electrochemical studies. The conditions that have been investigated include; NL concentration, reaction temperature, AgNO3 concentrations and pH. Decreasing the
concentration of NL from 100% to 1% has led to the formation of
nanoparticles with much larger size (Fig. 2A). This could be attributed to the weak capping layer that has resulted from the insuﬃcient NL phenolic compounds. The weak capping layer does
not has had the ability to overcome the Wander Waals forces between the metallic nanoparticles that has led to form some aggregations. On the other hand, increasing the concentration of AgNO3
solution from 0.1 to 3.0 mM has induced a slight change in NLAgNPs particle size. However, 2.0 mM AgNO3 solution has been
selected as the most optimum concentration that has led to formation of a concentrated AgNPs stock with an accepted particle size
(Fig. 2B). Besides, AgNPs size was reduced gradually by increasing
the temperature from 40 to 60 °C (Fig. 2C). Increasing the temperature above 60 °C led to aggregation of nanoparticles. Therefore,
AgNPs were synthesized at 60 °C for further studies. Furthermore,
the pH of AgNPs suspension is one of the most important factors
that affects the particle size and stability of the metallic nanoparticles. A pH range of 4.0–9 has been studied to determine the appropriate pH value for AgNPs synthesis (Fig. 2D). The pH 8.5 has

NL-AgNPs fabricated under optimized conditions has been characterized using UV–VIS spectroscopy, ﬂuorescence emission spectroscopy (FL), TEM, Zeta Potential Analyzer and cyclic voltammetry. UV–VIS and FL have been utilized to determine the optical
features of NL-AgNPs, however, TEM and Zeta Potential Analyzer
have been employed to examine its shape/size and stability respectively. UV–VIS and FL spectra have indicated that the absorption
and emission bands of NL-AgNPs appeared at 443 and 469 nm, respectively (Fig. 3A-B). The absorption peak is a result of the surface
plasmon resonance of AgNPs that represents the collective oscillation of the surface electrons that has interacted with the incident
light at the interface between silver nanoparticles and the dielectric medium [33]. The red shifted emission peak has referred to
electron–phonon and hole–phonon that has been scattered with
the subsequent low energy release [21]. According to TEM images, AgNPs are spherical particles with an average size of 43 nm
(Fig. 3C). The Zeta potential has been measured as −41 mV which
has proved the high stability of NL-AgNPs which has resulted from
the high electron repulsion between AgNPs capped by NL (Fig. 3D).
According to all these properties, NL-AgNPs represented a suitable
electrochemical modiﬁer for constructing an electrochemical sensor for EBT dye assessment. The electrochemical properties of GC
and NL-AgNPs/GC electrodes have been studied in 5.0 mM potassium ferrocyanide K4 Fe(CN)6 •3H2 O and 1.0 M KCl solution using
cyclic voltammetry (CV) (Fig. 4). NL-AgNPs/GC has shown the redox peaks with high current compared to bare GC electrode due
to the presence of NL-AgNPs. It indicated that the modiﬁcation of
bare GC electrode with NL-AgNPs has developed its electrochemical performance. The values of the electro active surface area of
both bare and modiﬁed electrodes have been calculated according
to Randles-Sevcik equation (Eq. (3)).





ip = 2.69 × 105 n3/2 AC D1/2 v1/2

(3)

Where ip is the current (A), n is the number of transferred electrons in the redox reaction (n = 1), A is the electrode active surface
area (cm2 ), C is the concentration of K4 Fe(CN)6 (mol/cm3 ), D is the
K4 Fe(CN)6 diffusion coeﬃcient (7.60 × 10−6 cm2 /s) and v is the
scan rate (V/s). Active surface area has been estimated for bare GC
and NL-AgNPs/GC electrodes as 0.024 and 0.13 cm2 , respectively.
The surface area of NL-AgNPs/GC has been increased ﬁve-fold by
modifying the bare GC electrode with NL-AgNPs.
3.3. Electrochemical oxidation of EBT at NL-AgNPs/GC
The electrochemical behavior of NL-AgNPs/GC has been tested
in PBS buffer solution (pH 5.6) using SWV technique in absence of
EBT. The obtained voltammogram has shown one oxidation peak at
0.17 V with an anodic peak current of 7.85 μA (Fig. 5) corresponding to the oxidation of AgNPs. EBT oxidation at NL-AgNPs/GC has
shown two peaks, at −0.01 V and 0.23 V, corresponding to peaks
I and II, respectively. Peak I could be attributed to the oxidation of
EBT while peak II has been appeared at approximately the same
oxidation potential of AgNPs. The direct oxidation of 40 μg/L EBT
on bare GC electrode has resulted in an oxidation current signal of
1.86 μA. This demonstrated that the modiﬁcation of bare GC electrode with NL-AgNPs has enhanced the EBT oxidation by increasing
its peak current to 5.43 μA as shown in Fig. 5. In all, this performance could be attributed to the catalytic effect of NL-AgNPs and
the increase in the electrode surface area. Also, it is obvious that
the NL-AgNPs current signal has been decreased from 7.85 μA to
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Fig. 2. Effect of NL concentration (A), AgNO3 concentration (B), Temperature (C) and pH (D) on NL-AgNPs nanoparticles size.

Fig. 3. Characterization of NL-AgNPs using UV–VIS (A), FL (B), TEM (C) and zeta potential analyzer (D).
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cially with metallic nanoparticles for the construction of various
sensors to determine organic molecules. For example, Poly(EBT)/GC
were used for dopamine, ascorbic acid and uric acid assessment
[35]. Also, Au nanoparticles/poly(EBT)/GC has been used for the
determination of L-cysteine and L-tyrosine [36]. Many techniques
have been used for the electrode modiﬁcation such as drop casting, sticking and transfer-sticking. Transfer-sticking represented an
eﬃcient technique for the modiﬁcation of GC with AgNPs without
inducing agglomeration compared to other techniques [25]. The
proposed mechanism of GC modiﬁcation with NL-AgNPs through
transfer-sticking and the subsequent EBT oxidation and polymerization is shown in Fig. 7.
3.4. Electrochemical displacement sensor
Fig. 4. CV of bare and NL-AgNPs/GC in 5.0 mM K4 Fe(CN)6 •3H2 O and 1.0 M KCl,
scan rate 0.05 V/s.

Fig. 5. SWV of NL-AgNPs/GC in absence (black) and presence of 40 μg/L EBT (blue)
at PBS buffer of pH 5.6. SWV parameters: scan rate, 0.2 V/s; step potential, 0.004 V;
frequency, 50 Hz; amplitude, 0.05 V. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 6. Chemical structure of EBT.

5.89 μA after EBT addition due to the replacement of some NLAgNPs with EBT.
In accordance with GC electrode modiﬁcation with NL-AgNPs,
EBT has been oxidized and polymerized at the fabricated modiﬁed
electrode. The electrochemical oxidation of EBT at GC has been affected by the presence of hydroxyl group in EBT structure it self
[34,35]. EBT has represented an azo dye with a hydroxyl group
in the ortho position with respect to the azo bridge (Fig. 6). EBT
oxidation at NL-AgNPs/GC to give benzoquinone diimine structure
is shown in Fig. 7. After oxidation, EBT could be polymerized efﬁciently at the electrode surface that has led to modify its surface. EBT has been used as an eﬃcient electrode modiﬁer espe-

The chemical displacement phenomenon has been studied extensively. However, there are few reports that investigated the
electrochemical displacement at the electrode surface [37–39].
Wang et al. (2008) developed an electrochemical displacement
method for studying the binding interaction of small polycyclic organic molecules with DNA [38]. In the present study, we have reported a novel sensor based on the electrochemical displacement
at GC surface for the ﬁrst time, to the best of our knowledge. The
sensor could be used for the determination of various inorganic
and organic compounds. In our study, the electrochemical displacement sensor has been applied for the EBT assessment. The proposed sensor has been constructed as follows: (1) Modiﬁcation of
GC electrode with NL-AgNPs; (2) Different concentrations of EBT
solution has been added to the PBS buffer of pH 5.6; (3) followed
by oxidation using SWV. Adding EBT resulted in an increase in the
EBT oxidation peak signal (peak I) with simultaneous decreasing of
NL-AgNPs oxidation peak current signal (peak II) that have shown
a two-way sensor (Fig. 8). This could be attributed to the high
aﬃnity of EBT for binding to the GC electrode surface compared
to NL-AgNPs competitor. The high aﬃnity of EBT has resulted in
the displacement of some NL-AgNPs with the added EBT molecules
at the GC surface. The selection of the metallic nanoparticles size
is critical for the proposed sensor. The oxidation behavior of NLAgNPs with different average sizes, 21, 27 and 43 nm, that have
been fabricated by varying the conditions of the synthesis process,
has been particularly studied (Fig. 9A-B). There is an obvious positive shift in the oxidation potential and lowering in current intensity by the increase of NL-AgNPs size due to the diminution of surface area to volume ratio [25]. The nanoparticles with size range of
20-30 nm are not idealistic to prevent the overlapping of EBT peak
with AgNPs one. Besides, AgNPs of particle size lower than 20 nm
should be avoided to exclude the aggregation effect that may result in the formation of nanoparticles with larger nanoparticles at
EBT deﬁned potential. Reportedly, aggregation effect on the positive shift of metallic nanoparticles oxidation potential was studied [40,41]. Recently, we have reported a novel aggregation sensor based on metallic AgNPs for determination of atrazine in water [25]. NL-AgNPs with an average size of 43 nm (conﬁrmed by
TEM), have been selected as a suitable modiﬁer of GC for construction of the electrochemical displacement sensor. This size diminishes not only the effect of NL-AgNPs oxidation peak overlapping
with EBT oxidation peak, but also has made the possible inducedaggregation peak away from EBT one.
3.5. Optimization of voltammetric and electrolytic conditions
Different factors such as sticking time, scan rate, supporting
electrolyte and pH have been studied to enhance the sensing process. NL-AgNPs oxidation current signal under different sticking
time intervals has been determined. Sticking time of 40 min has
shown the highest oxidation current signal making it the preferred
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Fig. 7. Schematic representation of EBT oxidation at NL-AgNPs/GC surface.

Fig. 8. Schematic representation of the electrochemical displacement technique.

time for NL-AgNPs sticking (Fig. 10A). Different scan rate ranges:
0.050, 0.075, 0.100, 0.150 and 0.200 V/s were studied for optimizing the oxidation of both EBT and NL-AgNPs (Fig. 10B). EBT
has shown its maximum current signal at scan rate of 0.100 V/s,
while NL-AgNPs has exhibited its maximum signal at 0.200 V/s.
Scan rate of 0.200 V/s was selected as the optimized condition
for our novel sensor. The electrolytic conditions have been optimized by selecting the appropriate supporting electrolyte and its
pH range. Supporting electrolyte and its pH effect not only in NLAgNPs oxidation but also in EBT oxidation, which has made the
selection of the suitable electrolyte and its pH a more complicated
procedure. Three supporting electrolytes; acetate, phosphate and
Britton-Robinson buffers, of pH 5.6 have been studied (Fig. 10C).
Acetate buffer has exhibited the lowest current signal for both NLAgNPs and EBT oxidation. However, Britton-Robinson buffer has
shown the highest current peak signal for NL-AgNPs, but it has exhibited a lower current signal for EBT oxidation. Phosphate buffer
led to the highest current signal for EBT oxidation with an acceptable NL-AgNPs current signal making it the most appropriate
buffer for the electrochemical displacement sensor. Also, EBT and
NL-AgNPs peak current signals were studied under the pH range of
2-10 (Fig. 10D). Contrary to NL-AgNPs, EBT current signal has been
decreased with increasing the pH from 2 to 10. Phosphate buffer

Fig. 9. Different sizes of NL-AgNPs (A) and their oxidation behavior (B).

of pH 5.6 was selected as optimum electrolytic condition for EBT
and NL-AgNPs oxidations.
3.6. NL-AgNPs/GC electrochemical displacement sensor for EBT
determination
Employing previously optimized conditions, different concentrations of EBT (2–96 μg/L) were added to the phosphate buffer
pH 5.6 then SWV and the corresponding calibration curves of EBT
oxidation at NL-AgNPs/GC surface were determined (Fig. 11). There
is an obvious increase in EBT peak current signal and reduction
of NL-AgNPs one with increasing EBT concentration. This two-way
electrochemical displacement sensor exhibited a linear range of 2–
96 μg/L. LOD for EBT (displacer) and NL-AgNPs (modiﬁer) are 2.92

M. Zahran, Z. Khalifa and M.A.-H. Zahran et al. / Electrochimica Acta 356 (2020) 136825
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Fig. 10. Factors affecting AgNPs and EBT oxidation, sticking time (A), scan rate (B), electrolyte type (C) and pH (D).
Table 1
EBT detection parameters using electrochemical displacement method.
Sensor

Linear range (μg/L)

R2

LOD (μg/L)

LOQ (μg/L)

Sensi.

RSD (%)

Displacer
Modiﬁer

2–92

0.99
0.97

2.92
7.01

9.76
23.39

0.07
0.12

2.35
2.84

Table 2
Reported methods for EBT determination.
Method

Technique

Linear range (μg/L)

LOD (μg/L)

Ref

Optical
Electrochemical reduction
Electrochemical oxidation
Electrochemical displacement

PL
CV
AdSLV
SWV

46.1–3460.4
—
46.1–4613
2–92

3183.5
—
—
2.92 (Displacer)
7.01 (Modiﬁer)

[11]
[42]
[43]
This work

and 7.01 μg/L respectively, while their LOQs are 9.76 and 23.39 μg/L
respectively (Table 1). Displacer and modiﬁer regression equations
are IEBT = 0.071CEBT +2.7 and IEBT = 0.125CEBT +11.2 respectively.
Both displacer and modiﬁer-based sensor has showed a good sensitivity with closed values, 0.07 and 0.12, respectively. Relative standard deviation (RSD) of current signals has been obtained from
six replicates and has been measured as 2.35% and 2.84% respectively for displacer and modiﬁer-based sensor representing a good
repeatability.

3.7. Comparison between previously reported methods for EBT
detection

based on AgNPs/graphene oxide composite has been used as photoluminescence sensor (PL) for sensitive determination of EBT [11].
Regarding the electrochemical methods, two previous studies reported the EBT azo dye determination based on its electrochemical
oxidation and reduction [42,43]. EBT was reduced at carbon paste
electrode in two-step one-electron reduction of the azo group [42].
The oxidation of the EBT has occurred at multi-walled carbon nanotube modiﬁed GC using adsorptive stripping linear sweep voltammetry [43]. Our proposed electrochemical displacement sensor has
represented a more sensitive method for EBT determination with
the lowest LOD.

3.8. Interferences effect on EBT sensing
Few studies reported the EBT determination in environmental
systems in spite of its negative impact on human health. Table 2
represents the electrochemical and non-electrochemical methods
used in EBT determination. Recently, a non-electrochemical sensor

Interferences have represented a crucial effect in the validation
of the sensor for its applicability in real water samples. Table 3
exhibits the maximum concentration of inorganic metals includ-
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Fig. 11. SWV and corresponding calibration curves of EBT oxidation at NL-AgNPs/GC (pH 5.6). SWV parameters: scan rate, 0.2 V/s; step potential, 0.004 V; frequency, 50 Hz;
amplitude, 0.05 V.

Table 3
Accepted concentration of interfering metal
ions for EBT sensing.
Metal
ion

Maximum concentration (mg/L)a
Modiﬁer
Displacer

Na+
K+
Ca2+
Mg2+
Cu2+

320±5.4
360±3.6
198±4.7
210±2.9
290±2.8

a
95%
(n = 6),.

conﬁdence

510±4.2
475±5.7
194±1.2
180±1.9
240±2.1
interval

Table 4
Effect of interfering dyes on EBT sensing.

Dye

Signal change (%)a
Modiﬁer
Displacer

Methyl orange
Muroxide
Phenolpthalein

−4.7 ± 0.14
−0.8 ± 0.11
1.1 ± 0.12

a

4.9 ± 0.33
3.7 ± 0.42
2.8 ± 0.14

95% conﬁdence interval calculated (n = 6).

calculated

ing Na+ , K+ , Ca2+ , Mg2+ and Cu2+ that have an acceptable EBT signal change (<5%). In spite of the known binding interaction between our displacer (EBT) with Ca2+ and Mg2+ , there is a slight
effect of these metal ions on the displacer electrochemical response. This could be explained by EBT-Ca2+ and EBT-Mg2+ interactions that have taken place at higher pH values (8–12) comparatively to our sensor at pH (5.6) [44]. Maintaining moderate con-

centrations of metal ions have been recommended for the validity of the electrochemical displacement sensor. However, dialysis
could be a solution for samples with higher metal ions concentrations. The effects of organic interferences including methyl orange, muroxide and phenolphthalein dyes were studied. The signal change after addition of 40 μg/L of each dye was calculated
(Table 4). Signiﬁcantly, the signal change is accepted if it doesn’t
exceed 5%. Muroxide and Phenol pthalein have exhibited a lower
signal change compared to methyl orange. Methyl orange is a non–
hydroxyl-substituted azo dye which could be oxidized and poly-
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Table 5
EBT assessment in river water samples.

Sensor
Modiﬁer-based
sensor
Displacer-based
sensor
a
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Acknowledgment

Added EBT
(μg/L)

Found EBT
(μg/L)a

Recovery
(%)

40

44 ± 1.2

110

43 ± 1.3

107.5

95% conﬁdence interval calculated (n = 6).

merized at GC surface in a different manner compared to EBT with
hydroxyl substitution [45]. However, it has slightly affected both
modiﬁer and displacer of our electrochemical displacement sensor.

3.9. Real sample analysis
EBT azo dye has been detected in river water samples by utilizing our electrochemical displacement sensor based on the modiﬁer and displacer responses. Accepted recovery with 110 and 107.5
values has been reported for modiﬁer and displacer, respectively
(Table 5). Both values have conﬁrmed that there was no regarded
inﬂuence of the river water interferences. Additionally, the selectivity of our two-way sensor has been determined using standard addition technique. Regression equations of the displacer- and
modiﬁer-based sensors for EBT determination in river water were
calculated as IEBT = 0.074CEBT +2.7 and IEBT = 0.132CEBT +11.5 respectively. By comparing the slopes of calibration and standard addition curves, there is no regarded difference between them, which
has made the proposed sensor eﬃcient for the determination of
EBT in river water.

4. Conclusion
In summary, NL-capped AgNPs have been fabricated by
direct chemical reduction and characterized using Particle Size Analyzer, UV–VIS, FL, TEM, Zeta Potential Analyzer and Cyclic Voltammetry. The conditions of AgNPs synthesis such as NL concentration, AgNO3 concentration, reaction temperature and pH were
optimized for the formation of NL-AgNPs with an appropriate particle size and stability for our electrochemical sensor construction.
GC has been modiﬁed with NL-AgNPs using transfer sticking technique under optimized electrolytic and voltammetric conditions.
NL-AgNPs/GC has been used for the determination of EBT based
on an electrochemical displacement technique. Furthermore, the
sensing process has depended on the electrochemical responses of
NL-AgNPs (modiﬁer) and EBT (displacer). The validity of the sensor
was examined by determining linear range, LOD, LOQ, repeatability and sensitivity. Finally, the selectivity of our two-way sensor
has been veriﬁed for sensing EBT in river water samples.

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to
inﬂuence the work reported in this paper.

CRediT authorship contribution statement
Moustafa Zahran: Investigation, Methodology, Writing - original draft. Ziad Khalifa: Resources, Validation. Magdy A.-H. Zahran:
Supervision, Visualization. Magdi Abdel Azzem: Conceptualization,
Writing - review & editing.

The authors acknowledge the scientiﬁc donation of Alexander
von Humboldt Foundation, 53173 Bonn, Germany.
References
[1] B. Lellis, C.Z. Fávaro-Polonio, J.A. Pamphile, J.C. Polonio, Effects of textile dyes
on health and the environment and bioremediation potential of living organisms, Biotechnol. Res. Innov. 3 (2019) 275–290.
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